In this paper we present a new through-wall (TW) FMCW radar system. The architecture of the radar enables both high sensitivity and range resolutions of <1.5 m. Moreover, the radar employs moving target indication (MTI) signal processing to remove the problematic primary wall reflection, allowing higher signal-to-noise and signal-to-interference ratios, which can be traded-off for increased operational stand-off. The TW radar operates at 5.8 GHz with a 200 MHz bandwidth. Its dual-frequency design minimises interference from signal leakage, and permits a baseband output after deramping which is digitized using an inexpensive 24-bit off-the-shelf sound card. The system is therefore an order of magnitude lower in cost than competitor ultrawideband (UWB) TW systems. The high sensitivity afforded by this wide dynamic range has allowed us to develop a wall removal technique whereby high-order digital filters provide a flexible means of MTI filtering based on the phases of the returned echoes. Experimental data demonstrates through-wall detection of individuals and groups of people in various scenarios. Target positions were located to within ±1.25 m in range, allowing us distinguish between two closely separated targets. Furthermore, at 8.5 m standoff, our wall removal technique can recover target responses that would have otherwise been masked by the primary wall reflection, thus increasing the stand-off capability of the radar. Using phase processing, our experimental data also reveals a clear difference in the micro-Doppler signatures across various types of everyday actions.
INTRODUCTION

Through-the-Wall Radar for Safety and Security
The ability to detect the presence of individuals behind visually obscuring structures is of significant benefit to police, security agencies and emergency services. Through-Wall (TW) radar technology may improve tactical and operational capability during emergencies ranging from terrorist and hostage events, through to building collapse and fire. In tactical situations, first responders from the police and security services require a high level of situational awareness to perform their duties safely and effectively.
Currently, there are a limited number of commercial TW systems available to law enforcement and the emergency services. Cost, deployment and user operability issues have resulted in relatively limited exploitation of this technology worldwide. In domestic security applications the technology has also raised concerns about privacy and inappropriate use 1 which need to be addressed when brought into operation.
There is a significant body of academic research 2, 3 which has attempted to apply radar detection and imaging techniques 4 to scenarios that consist of an obscuring wall barrier. The main objectives in these research studies has been to facilitate methods and techniques that permit: the identification of objects and people; characterisation of behavioural activities; and mapping the structural layout of interiors 5 . TW radar systems have by no means reached their full potential thus there is still a requirement for improvements in the technology to enhance their utility for existing applications in security, surveillance and search & rescue, as well as to find new and novel applications. To that end many of the challenges which arise in TW detection scenarios have been, and continue to be addressed by the academic research community.
UWB and Continuous-Wave Based Through-the-Wall Radar
TW radar systems employing conventional radar transmission waveforms are typically based on either short ultrawideband (UWB) pulses 6 or longer continuous waves (CW) 7, 8 . In addition to the superior range-resolutions which are achievable with UWB waveforms, they are also scattered well by targets of differing scales giving rise to improved target recognition capabilities compared to narrowband systems. Disadvantages though include the high costs of electronic components suitable for UWB radar, including the requirement to have expensive wideband antennas, and their susceptibility to interference from signals in overlapping spectral bands. Impulse radar is special class of UWB radar which has been examined for TW radar applications 9 ; a short nanosecond 'spike-like' pulsed waveform is transmitted which gives a near-100% fractional bandwidth for excellent range resolution. However, the extreme bandwidth results in significant noise power entering the receiver which is detrimental to system performance.
Continuous waveforms are characterised as being always 'On', and have many typologies. In their most basic form CW radars transmit a stable frequency continuous wave which allows the application of Doppler processing techniques for sensing moving targets. However they are not able to determine the range to a target and are therefore not typically used in TW radar. Frequency modulated continuous wave (FMCW) radar, where the instantaneous transmission frequency changes linearly across the waveform, overcomes this ranging issue and is now a widely adopted solution for low-cost, short to medium range sensing applications, including TW applications 10 . Key advantages of FMCW radar include good immunity to unwanted signal interference and low peak power and sampling rate requirements. A vehicle-based TW radar system developed at Lincoln Labs 7 which combines an FMCW radar architecture with UWB chirp transmission waveforms has been shown to be able to locate both moving and stationary people behind 20 cm think concrete walls.
Other types of CW radars which have been investigated for TW applications include stepped-CW systems which transmit short CW bursts at progressively higher frequencies, and frequency hopping radars which have the agility to move their operational frequencies back and forth 11 . Dual frequency waveforms 12 are a special case of CW-only waveforms which are able to circumvent the ranging issues in conventional CW radar and have been employed by Amin et al 13 TW detection; here two carrier waves of different frequencies are transmitted and on receive the phase changes between them are compared. Recently both pure noise waveforms (sometimes referred to as random noise waveforms) and noise-like waveforms (pseudonoise waveforms) have been tried and tested for TW radar. These waveforms have been designed specifically to optimise range and Doppler resolutions while minimising entities such as sidelobes which act to degrade the quality of the radar output. The main advantages of noise-based waveforms are that they offer good performance whilst having an antijamming capability due to their low probability of detection. Finally, the field of digital communications has also provided a substantial pool of sophisticated continuous waveforms from which to draw from in TW radar research. For example M-sequences offers high-correlation gains and operation at low-power and lowcost 14, 15 , while OFDM waveforms used in IEEE 802.11 (WiFi) communications, and which are resistant to multipath, have been exploited by a passive TW radar system 16 and TW mapping robot for building indoor floor-plans 17 .
Through-Wall Activity Recognition
An emerging area receiving significant interest in TW radar research is the use of micro-Doppler signature analysis to allow a more complete description of the kinematic properties of targets, which can then be used to identify different types of human movements 18 . Micro-Doppler is an additional effect on top of the main 'bulk' Doppler component whereby the motions on the main body of movement, such as rotations (e.g. the swinging limbs of a person) induce further Doppler frequency perturbations around the main Doppler shift. These perturbations, or micro-Doppler signatures, are characteristic to particular types of movement 19 and can therefore be used to provide extra information about the targets of interest using classification techniques 20 . Ram et al 21 Ram et al present a simulation tool for generating micro-Doppler signatures of humans moving behind walls. Their approach entails combining standard human modelling techniques with finite difference time-domain of the wall and is validated by experimental data. The results suggest that although the returned signal power is severely compromised by the wall, the effect on the micro-Doppler signature is minimal.
In this paper we present a low-cost TW FMCW radar for stand-off operation and activity detection. Section 2 outlines the dual-frequency FMCW radar architecture whilst Section 3 describes the de-ramp signal processing (Section 3.1) and demonstrates the utility of the MTI processing to recover target responses that would have otherwise been obscured by the primary wall reflection (Section 3.2). Next in Section 4, results are presented from a series of experimental field trials which focussed on: characterising the detection capability of the radar through brick and interior plasterboard walls; 
EXPERIMENTAL RESULTS
A series of experiments were carried out to characterise the performance of the TW FMCW radar through various wall materials, and investigate the capabilities of the radar when an area of interest contains multiple personnel. To examine the potential of the radar for activity recognition, we also apply phase processing to the recorded data to capture the micro-motions of a person as they simulated everyday actions. In all experiments described in this paper, the radar was configured to continuously transmit 2 ms up-chirps at the maximum power of 13 dBm. Identical 12 dBi gain and 30° beamwidth antennas were also used which were co-located but separated by a vertical distance of 60 cm.
Detection through Plasterboard Walls
The first experiment investigated the ability of the TW radar system to detect a person through a typical lightweight interior wall made of plasterboard. The thickness of the wall was 12 cm and consisted of 2 layers of 12.5 mm thick plasterboard separated by 9 cm, and a wooden frame. The radar was located 1 m from one side of the wall while a target was located in an adjacent room 9 m in length. Figure 3 shows a range-time plot for a person walking back and forth along the full length of the room over a period of 20 seconds. Note that due to cable lengths being unaccounted for, there is a 5 m range offset in the graph.
A temporal trace of the target's motion within the full length of the room can clearly be seen. Moreover, we observe that between ~7-13 seconds while the target was moving away the radar the SNR degrades, but subsequently increases between ~13-20 seconds after the target turns around and closes-in on the radar. Analysis of the results suggests a range resolution of ±1.25 m which is agreement with the systems' operational bandwidth. We also notice some ghosting of the temporal trace which we attribute to multipath caused by reverberations within the air gap of the wall. Note: although the MTI filtering was able to substantially supress the primary wall response, it did not completely remove it and this is highlighted in the figure. 
Detection through Brick Walls
The second series of experiments focussed on a detection scenario in which a 22 cm thick brick wall was the obscuration barrier. This type of wall represents a standard interior or exterior wall construction. The 11 m length room in this case 
Multiple Target Detection
Experiment 3 was geared towards investigating the ability of the radar to detect multiple targets within a room of interest. Using the same experimental conditions described in Section 4.1, a number of tests were carried out that involved 2 or more people moving in the 9 m room. Figure 6a shows the result for a single person walking forward and backwards for a duration of 10 seconds, before being joined by an additional person who attempted to walk in the opposite direction. For the plot in Figure 6b , two people were instructed to walk side-by-side at a normal pace to the wall and back, at this point (approximately 10 seconds in) the first person was told to continue at the same pace, while the second person was asked to speed up. Finally, Figure 6c shows the target detections for three people inside the room. Target 1 was instructed to walk backward and forward in a small area, while Targets 2 and 3 were directed to walk around in a random fashion which meant that they indiscriminately entered and exited the antenna coverage area. For all the multi-target experiments, the range-time plots successfully indicate the movement dynamics within the scenario. However, in various portions of the graphs (for example Figure 6b at ~15 seconds) shielding occurs between multiple targets which acts to supress echoes below the noise floor.
Micro-Doppler Signature Characterisation
In the final experiment we examine the potential of the radar to distinguish between different types of micro-Doppler signatures, and thus exploit the data for activity classification in the future. Here, a personnel target was monitored through a 33 cm brick-walled house consisting of a central air-gap. The TW FMCW radar was located outside 43 cm from the wall. The subject was instructed to remain in the same position whilst performing four actions repeatedly for a duration of 5 seconds each. The four actions were (i) swinging both arms (ii) swaying back and forth (rocking) (iii) squatting into a hiding position from standing and (iv) standing-up from a bended knee position. The recorded data underwent spectrogram analysis to generate velocity-time graphs that reveal micro-Doppler signatures, and these are shown in Figure 7 . The velocityfour types of wall activity r 
